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A new electrode structure CdZnTe (Cadmium Zinc Telluride) detector named Binode CdZnTe has been pro- 
posed in this paper. Together with the softwares of MAXWELL, GEANT4, and ROOT, the charge collec- 
tion process and its gamma spectrum of the detector have been simulated and the detector structure has been 
optimized. In order to improve its performance further, Compton scattering effect correction has been used. 
The simulation results demonstrate that with refined design and Compton scattering effect correction, Binode 
CdZnTe detectors is capable of achieving 3.92% FWHM at 122 keV, and 1.27% FWHM at 662 keV. Com- 
pared with other single-polarity (electron-only) detector configurations, Binode CdZnTe detector offers a cost 
effective and simple structure alternative with comparable energy resolution. 
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I. INTRODUCTION 


Benefit from its high atomic number, high density, wide 
band gap, low chemical reactivity and long term stability, 
semi-conductor Cadmium Zinc Telluride (CdZnTe) radiation 
detector has been researched widely and been used in many 
areas including gamma ray spectroscopy, x-ray imaging and 
space physics [1, 2]. However, one of the major problems for 
CdZnTe detectors is its low-energy tailing in the energy spec- 
trum due to its hole-trapping caused by its short lifetime, crys- 
tal defects and nonuniformity. In order to improve its perfor- 
mance, many different single-polarity electrodes structures, in- 
cluding parallel strip Frisch grid [3], coplanar [4], CAPture [5], 
Quasi-hemisphere [6], and pixilated [7], have been proposed. 
With the best crystal available now, CdZnTe detectors such as 
the 3D depth sensing position sensitive (DSPS) devices [8] and 
co-planar grid detectors [9] achieve the best energy resolution. 
However, the readout electronics and integration cost of these 
devices is relatively high. 3D DSPS detectors always require 
more than 100 readout channels and complex computational 
overhead to perform the depth and multiple-interaction correc- 
tions. Although Frisch ring and quasi-hemispherical devices 
require only a single readout channel and can be manufactured 
at a lower cost, they always achieved poor energy resolution 
and lower detection efficiency limited by its electrode struc- 
tures. 


In this paper, a new electrode structure CdZnTe detector 
named Binode with two readout channels has been proposed 
and the detector structure has been optimized. The charge col- 
lection process and the gamma spectrum have been simulated 
to testify its performance. 


* Corresponding author, yulanli@mail.tsinghua.edu.cn 


IH. DETECTOR STRUCTURE 


A typical Binode CdZnTe detector is shown in Fig. 1. The 
center of both the upper and lower surface of the CdZnTe crys- 
tal were manufactured as anodes, and the four side surfaces 
were manufactured to a single cathode. The main parame- 
ters of this kind of detector are its physical dimensions (X, 
Y, Z), the anode diameter (d), bias voltage (V), radiation in- 
cident direction, and the electron and hole mobility-lifetime 
products (HeTe and UnTh), respectively. In order to get a sym- 
metry electric field, the length always equals the width of the 
crystal (i.e. X = Y). 


Anode I 


Cathode 
Cathode 


Anode II 


Fig. 1. (Color online) Binode CdZnTe detector configuration. 


HI. PERFORMANCE SIMULATION 
A. Simulation process 
In this study, software including MAXWELL, GEANT4, 


ROOT, and Induced Current Calculation (ICC, which was 
developed by our group used to calculate the induced current 
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Fig. 3. (Color online) (a) Binode CdZnTe detector with 2D plane cut through the center of the pixel, (b) the electric potential (V) within the 


2D plane is shown as a mesh plot. 


on the electrode of semiconductor detector based on Shockly- 
Ramo theorem.) were used. Fig. 2 shows the global sim- 
ulation process. Here, MAXWELL simulates the electro- 
static field and weighting potential within the detector volume. 
GEANT4 are used to the initial interaction and the subsequent 
sub-interactions in the detector, and the initial y-ray and the 
secondary particles created in the detector are tracked. The 
physics process taken into account includes photoelectric ef- 
fect for y-rays and multiple scattering and ionization for elec- 
trons, pair production, and Compton scattering. An energy 
threshold is usually set so that particles with a kinetic energy 
lower than this limit will be considered to have deposited their 
energy locally. In our simulation, thresholds of 20 keV for 
gamma-ray and 5 keV for electrons were used. Once an inter- 


action ended, the list of energy deposition points is transferred 
as a parameter to our charge transport code. Then, ICC used to 
calculate the carriers drift trace in the detector volume caused 
by the electrostatic and the induced current on the electrode 
which depend on the weighting potential. The final calculated 
induced charges on anode are accumulated to get the energy 
spectrum. 


B. Electrostatic & weighting fields 


Both the electrostatic and weighting fields within the de- 
tector volume affect the charge collection performance crit- 
ically. Based on Shockly-Ramo theorem [10], the induced 
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Fig. 4. (Color online) (a) Mesh plot of the weighting potential of anode I and (b) anode II within the 2D slice through the detector volume. 


Anode I 


Fig. 5. (Color online) Electron drifts trace at some selected positions 
in the detector volume of Binode CdZnTe detector. 


charge Qing is given by the weighting potential. The change 
in the induced charge, AQing and the current 7 at an electrode 
caused by a charge q moving from z; to x; are given by 


Mae J Po (1) 


i 


_ IQ 
dt 


where V (x) and E(x) are the weighting potential and the field 
at position x. The total induced charge is actually the sum of 
the charges induced by the drift of electrons and holes. The 
drift velocities 4e and un of free carriers through the detec- 
tor volume depend on the electrostatic field, and the induced 
charge on the electrode is determined by the change of the 
weighting potentials. For CdZnTe, the drift velocities of pe 
and up always selected around 1400 cm?/ (s-V) and 120 cm?/ 
(s-V). 


i = quE(x), (2) 


Scatter Diagram of Induced Charge of Anode | and Anode II 
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Fig. 6. (Color online) Scatter diagram of the induced charge on two 
separated anodes. 


Appling a positive bias voltage to the anode and 0 V to the 
side cathode, the electrostatic fields and the weighting poten- 
tials were given by MAXWELL. Fig. 3(b) shows the mesh plot 
of a 2D slice (through the center of the anodes, shown in the 
left panel) of the electric potential when an 800 volt bias is 
applied. It is immediately clear from Fig. 3 that due to the 
fact that the four sides of the cathode are at the same potential, 
the binode electrode geometry reduced the electric potential 
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Simulation Gamma-ray Spectrum after CCSE 
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Fig. 7. (Color online) Binode CdZnTe detector spectrum before and after CCSE. 


throughout the detector volume compared to a plannar detec- 
tor. Fig. 4(a) shows a mesh plot of a 2D slice of the weighting 
potential of anode I, and Fig. 4(b) shows the weighting po- 
tential of anode II. The slice being shown is also indicated in 
Fig. 3(a). Though the reduced electric field strength will lo- 
cally slow free carriers down and increase trapping probabili- 
ties, the benefit of the binode design is greatly improved charge 
collection, which due to a suppression of the weighting poten- 
tial as seen in Fig. 4. In order to get a significant improvement 
in charge collection one has to pay for the reducing electric 
field strength in the Binode design. 


Simulation Spectrum of 122 KeV and 662 KeV Gamma-Ray 


1.27% @662keV without electronic noise 
3.92% @122keV without electronic noise 
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Fig. 8. Simulation results of Cs-137 662keV and °’Co 122keV 
gamma-ray spectrum. 


In order to understand the free carriers’ drift more closely, 
some positions in the detector volume have been selected to 
follow the track of electrons. Fig. 5 gives the calculation re- 
sults (the detector volume is 10 mm x 10mm x 5mm), where 
the x-coordinate of the selected points are 0 mm, y-coordinate 
are between —5 mm and 5mm (the interval is 1 mm), and z- 
coordinate are 2.4mm and 2.6 mm. For the trace of the holes in 


the detector volume, one can simply exchange the start point 
and end point of electrons, because the holes drift just along 
the opposite direction of electrons. 


C. Correction of the Compton scattering effect (CCSE) 


Obviously, when the carriers drift in the detector volume, 
both of the anodes will get signals. For a photoelectric effect 
event, the free carriers will induce positive signal on the anode 
where electrons are collected finally, while a negative signal 
will be induced on the other one. The positive signal will be 
bigger than the negative one because of the weighting poten- 
tial of the collected anode getting a bigger charge than that 
of the other anode along the carrier motion trail. We add the 
absolute values of both the anodes’signal together as the final 
charge induced in this case. However, for an event of Compton 
scattering or pair production and the carriers created separated 
both in the upper detector volume and lower volume, the cre- 
ated carriers will be collected by both of the anodes, then two 
positive signals will be observed both on the anodes. In this 
case, we add both the positive signal together to get a final 
induced charge. 

Figure 6 is the scatter diagram of the induced charge on 
the two separated anodes, where the positive charge induced 
means electron collected, while without electron collection 
there will be negative charge induced on the anode electrode. 
However, for those Compton scattering effect events and pair- 
ing effect mentioned above and the created electrons were col- 
lected by different anodes, both of the anodes will be induced 
positive charge, as shown in area (a). Area (b) shows the twice 
Compton scattering effect but without whole energy deposited, 
and area (c) shows the photoelectric effect events and single 
Compton scattering effect events. 

It shows that after CCSE, the performance of the Binode 
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Simulation Spectrum of 10mmX10mmxX10mm Binode CdZnTe Detector Simulation Spectrum of 10mmX10mmxX5mm Binode CdZnTe Detector 
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Fig. 9. (Color online) 13T Cs spectral performance for 10 mm x 10mm x 10mm (left) and 10mm x 10mm x 5mm (right) Binode CdZnTe 
detector after CCSE. 
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Fig. 10. (Color online) 137Cs spectral performance for (a) 10mm x 10mm x 10mm, (b) 5mmx5mmx5mm and (c) 
15mm x 15mm x 15mm Binode CdZnTe designs with varying pixel size (left) and with varying anode voltage (right). 


CdZnTe detector improved obviously. Fig. 7 shows the sim- ulated energy spectrum before and after CCSE; Because of 
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the CCSE, FWHM of !8’Cs 662 keV gamma-ray spectrum im- 
proved from 3.31% to 1.27% and the peak-Compton ratio in- 
creased from 2.4 to 7.4. Fig. 8 shows the simulation results of 
137Cs 662 keV and °’Co 122 keV gamma-ray spectrum with a 
CCSE, where the detector dimensions X=Y=Z= 10 mm, bias 
voltage is 3000 V and the pixel anode diameter D =3 mm. 
3.92% FWHM at 122 keV and 1.27% FWHM at 662 keV with- 
out electronic noise have been achieved by this CdZnTe detec- 
tor with a CCSE. 


IV. PARAMETERS OPTIMIZATION 
A. Length-to-thickness ratios (X/Z) 


Two kinds of length-to-thickness ratios (X/Z = 1 or 2) de- 
tector structures have been simulated, the results were shown 
as Fig. 9, both of them have been made CCSE. The simula- 
tion results demonstrate that when X/Z= 1 the detector has 
a better performance, which means the detector has the same 
dimensions (X=Y=Z). 


B. Anode size and bias voltage 


The left panel of Fig. 10(a) shows the spectral performance 
for 10mm x 10mm x 10mm Binode CdZnTe detector with 
anode diameter between 1mm and 4mm. The results show 
that when D = 3mm, the detector has an excellent per- 
formance that the energy resolution about 1.28% FWHM at 
662 keV when 3000 V applied on both of the anode. The 
right panel of Fig. 10(a) shows the simulated !°’Cs spectral 
response of a 10mm x 10mm x 10mm Binode CdZnTe de- 
tector with a D =3 mm pixel anodes at bias voltage between 
2800 V and 3200 V. The CdZnTe crystal was chosen to have 
low electron transport with fete = 7 x 1073 cm?/V, and hole 
transport with uhh = 3 x 1075 cm?/V. 

The simulation results demonstrate that the anode diameter 
D should not be too small, such as shown in Fig. 10(a) (left) 
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with D = 1mm. The bad spectrum performance is mainly 
due to the weak statistic field caused by the short anode di- 
ameter. However, with D =4mm the spectrum also be- 
comes worse, mainly because of the pixelated effect is not 
obviously caused by the longer anode diameter. The left 
panel of Fig. 10(b) and Fig. 10(c) shows the simulation re- 
sults of spectrum performance of 5mm x 5mm x 5mm and 
15mm x 15mm x 15mm Binode CdZnTe with varying an- 
ode sizes. The results show that the best ratio of anode size 
to detector thickness is about 0.2~0.3, i.e. D/Z =0.2-0.3. 
The simulation results of Binode CdZnTe detector with vary- 
ing anode voltages were also shown in Fig. 10 (right), and 
the results demonstrate that the anode voltage related to the 
detector thickness and the rationally design is about V/Z = 
250~300 V/mm. 

From the results got above, for 5mm x 5mm x 5mm Bin- 
ode CdZnTe detector, the best energy resolution was about 
1.24% with the anode of 1.5 mm diameter and 1400 V voltage. 
The best energy resolution for 10 mm x 10mm x 10mm and 
15mm x 15mm x 15mm Binode CdZnTe detector are 1.27% 
and 1.78%, at D = 1.5mm, V = 2800 V and D = 2.25 mm, 
V = 3500 V, respectively. 


V. CONCLUSION 


In this study, a new concept electrode structure CdZnTe de- 
tector, i.e. Binode CdZnTe detector, has been proposed. Based 
on the simulation, dependence of the performance of Binode 
CdZnTe detector on design parameters such as the length-to- 
thickness ratios, anode pixel diameter, and bias voltage, (i.e. 
X/Z, D and V) has been numerically investigated. The re- 
sults show that with an optimized design and together with the 
Compton scattering effect correction method, Binode CdZnTe 
detector can get an excellent performance with optimized de- 
sign parameters. The simulation data also can be used to 
develop design criteria for Binode CdZnTe detectors aiming 
at improving test yields and thereby lowering manufacturing 
costs. 
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